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Edited by Stuart FergusonAbstract Phosphomannose isomerase (PMI) plays a pivotal
role in biosynthesis of GDP-mannose, an important precursor
of many polysaccharides. We demonstrate in this study that
Pseudomonas aeruginosa pslB encodes a protein with GDP-man-
nose pyrophosphorylase/PMI dual activities. The PMI activity is
Co2+-dependent and could be inhibited by GDP-mannose in a
competitive manner. Furthermore, the activity could be inacti-
vated by 2,3-butanedione suggesting the presence of a catalytic
Arg residue. Site-speciﬁc mutations at R373, R472, R479,
E410, H411, N433 and E458 increase the KM approximately
8–20-fold. The PMI activity of PslB was completely diminished
with a R408K or R408A, reﬂecting the importance of this residue
in catalysis. Overall, these results provide a basis for understand-
ing the catalytic mechanism of PMI.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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mutagenesis1. Introduction
Phosphomannose isomerase (PMI) catalyzes the reversible
interconversion of Fru-6-p and mannose-6-phosphate (Man-
6-p) [1]. This reaction links Man-6-p into the mannose metab-
olism pathway resulting in the generation of GDP-mannose
(GDP-Man), an important precursor of many nucleotide sug-
ars such as GDP-rhamnose and GDP-fucose, and for man-
nosylation of various bacterial structural components such as
lipopolysaccharides and glycoproteins [2,3]. PMI also plays
an essential role in yeasts and therefore can be regarded as
an appropriate target to combat both bacterial and mycotic
infections [4].
PMI canbe classiﬁed into threemajor types based on sequence
similarity and domain organization [5,6]. Type I PMIs are found
in all eukaryotes including yeast Candida albicans, and certainAbbreviations: IPTG, isopropyl thio-b-D-galactopyranoside; PMI,
phosphomannose isomerase; GDP-Man PPase, GDP-mannose pyro-
phosphorylase; Man-6-p, mannose-6-phosphate
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bifunctional enzymes possessingGDP-mannose pyrophosphor-
ylase (GDP-Man PPase)/PMI dual activities and are primarily
found in bacteria. Type III PMIs, ﬁrst identiﬁed in Rhizobium
meliloti, are evolutionally more distinct from the other two
PMI types. The structural basis on how these seemingly unre-
lated proteins can catalyze an identical reaction is not clear.
Pseudomonas aeruginosa PAO1 contains three genes encod-
ing a product homologous with the Type II PMI. These genes,
designated algA, wbpW and pslB, are located individually
within three distinct polysaccharide biosynthesis gene clusters
[3]. AlgA and WbpW have been shown to participate in the
production of alginate and A-band lipopolysaccharide, respec-
tively [3,7]. The gene pslB is located in a 15-gene psl operon re-
quired for exopolysaccharide synthesis and bioﬁlm formation
[8,9]. Whether PslB is indeed a bifunctional GDP-Man
PPase/PMI has not been veriﬁed.
The major aim of this study is to address the structural-func-
tional relationship of type II PMIs that is been largely unex-
plored. We have cloned, overexpressed, and characterized the
PMI activity of PslB. This was followed by site-directed muta-
genesis of conserved amino acid to identify important residues
participating in the PMI activity.2. Materials and methods
2.1. Overexpression and puriﬁcation of PslB
E. coli Nova Blue harboring the pslB overexpression plasmid was
grown in 200 ml Luria–Bertani broth supplemented with 50 lg/ml
kanamycin and 100 l isopropyl thio-b-D-galactopyranoside (IPTG)
at 30 C with vigorous shaking. After 10 h, cells were collected by cen-
trifugation at 3100 rpm for 15 min and washed with 20 mM Tris–HCl,
pH 7.5. The pellets were resuspended in 20 mM Tris–HCl buﬀer and
the bacteria disrupted by sonication. Soluble proteins were separated
from non-soluble proteins by centrifugation at 14000 · g for 20 min
at 4 C. PslB was puriﬁed by nickel-charged aﬃnity chromatography
following the standard puriﬁcation protocol (Novagen). The eluted
protein was dialyzed against 20 mM Tris–HCl buﬀer, pH 7.5, to re-
move imidazole and the protein concentration was determined by
the Bradford method with bovine serum albumin as a standard.2.2. Determination of the enzyme activity
The PMI activity was determined in a 1-ml reaction mixture contain-
ing 50 mM Tris–HCl, pH 7.0, 2 mM CoCl2, 1 mM Man-6-p, 1 mM b-
NADP, 5 U phosphoglucose isomerase and 5 U Glc-6-p dehydroge-
nase. The reduction of b-NADP was measured at 340 nm at 25 C
using a spectrophotometer. The GDP-Man PPase activity was assayedblished by Elsevier B.V. All rights reserved.
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phate, 2 mM MgCl2, 2 mM 3-phosphoglycerate, 20 U glyceraldehyde-
3-phosphate dehydrogenase and 10 U phosphoglycerate kinase. The
decrease in NADH absorption at 340 nm was monitored by a spectro-
photometer [10]. Where indicated, 0.5 mM of Man-1-p, GDP-Man,
GTP, UDP-Glc, UDP-Gal, ADP-Glc, TDP-Glc, UDP-GlcN, or so-
dium pyrophosphate was included in the PMI reaction to determine
the inhibition activity of these compounds. For determination of the
eﬀects of divalent cation, PslB was dialyzed extensively in 20 mM
Tris–HCl, pH 7.5, 140 mMNaCl and 1 mM EDTA. The enzyme activ-
ities were determined in the presence of 2 mM chloride form divalent
cation including CaCl2, MnCl2, MgCl2, CoCl2, NiCl2 and ZnCl2 [2,11].
2.3. Inactivation of PslB by 2,3-butanedione
PslB (3.2 mg/ml) was incubated with diﬀerent concentrations of 2,3-
butanedione (150 mM borate buﬀer, pH 9.0) at 22 C in the dark for
0–60 min [12,13], then the excess 2,3-butanedione was removed by
passing the reaction mixture through a Sephadex G-25 column (Phar-
macia). The PMI activity was measured as described above.
2.4. Amino acid sequence alignment and site-directed mutagenesis
The multiple sequences alignment of several type II PMIs, including
Xanthomonas campestris XanB [14], Helicobacter pyroli HP0043 [2],
Gluconacetobacter xylinusAceF [15], andVibrio vulniﬁcusVV0352, were
conducted by using the Vector NTI (Invitrogen) and the result is shown
in Fig. 5. Site-speciﬁc mutations were performed using the QuikChange
site-directed mutagenesis kit purchased from Stratagene. Oligonucleo-
tide primer sequences are provided in Supplementary Table S1.
2.5. Circular dichroism spectrum analysis
The CD spectra of wild-type and mutant PslB were recorded by
using a CD spectrophotometer (AVIV 62A PS) with 1-mm path length
cell, 0.5 nm wavelength step, and an averaging time of 3 · 101 s. The
protein samples were adjusted to 5 lM before measurement. The CD
spectra signals were collected from 190 nm to 260 nm in 20 mM
Tris–HCl at 25 C and averaged over three scans [16].Fig. 2. Eﬀects of Mg2+ on the PMI activity of PslB. The assay were
performed in the absence (d), and presence of 0.2 mM (s) or 2.0 mM
(.) Co2+.3. Results and discussion
3.1. PslB possesses PMI and GDP-Man PPase activity
Because the enzymatic activity of PslB has not been reported
before, we ﬁrst examined whether it is indeed a GDP-Man
PPase/PMI bifunctional enzyme. Recombinant PslB was puri-
ﬁed fromE. coli by nickel aﬃnity chromatography and its purity
conﬁrmed on a SDS–polyacrylamide gel (Fig. 1). Under the
standard assay conditions, both GDP-Man PPase and PMI
activities could clearly be detected for PslB. The KM value of
Man-6-p for the PMI activity was 1.18 mM, and the KM of
GDP-Man for GDP-Man PPase was 0.11 mM, both valuesFig. 1. Protein purity of wild-type and mutant PslB. The samples were
resolved on a 0.5% sodium dodecyl sulfate–12.5% polyacrylamide gel.
Lanes 1, wild-type; 2, R373A; 3, R408A; 4, R408K; 5, E410A; 6,
H411A; 7, N433A; 8, E458A; 9, R472A; 10, R479A.are in good agreement with that reported forAlgA inP. aerugin-
osa 8822 [7]. Bacteria with a large genome commonly harbor
duplicated genes encoding functionally identical enzymes. For
example, there are at least three UDP-Glc dehydrogenases in
P. aeruginosa PAO1. The enzyme kinetic parameters and
expression proﬁles are somewhat diﬀerent for these UDP-Glc
dehydrogenases that ensure the bacterium can adapt to broader
environments [17]. A similar mode of regulation may also occur
for PMI. It has been demonstrated previously that a P. aerugin-
osa strain deﬁcient in WbpW could not produce normal
amounts of A-band lipopolysaccharide despite the presence of
functional algA and pslB [3], suggesting thatWbpWhas distinct
expression proﬁles or kinetic parameters from PslB and AlgA.
3.2. Divalent cation requirement for PslB
We measured the PMI and GDP-Man PPase activities of
PslB at a ﬁxed concentration (2 mM) of diﬀerent divalent ions
to evaluate cation dependence of the protein. The GDP-Man
PPase of PslB could utilize diﬀerent divalent metal ion with
the highest activity in the presence of Mg2+, followed by
Co2+, then Mn2+ (Table S3). The PMI activity of PslB showed
high speciﬁcity to Co2+, yielding about 3-fold higher activity
than that observed with Mn2+ (Table S3). Other divalent cat-
ions, including Mg2+, Zn2+, Ca2+, and Ni2+, could not serveTable 1
Eﬀects of potential inhibitors on the PMI activity
Potential inhibitora Relative activity (%)b
Control 100 ± 2.2
GTP 106.4 ± 2.4
PPi 120.2 ± 3.5
Man-1-P 77.8 ± 2.5
GDP-Man 46.9 ± 3.9
UDP-GlcN 93.3 ± 3.8
UDP-Gal 105.8 ± 6.9
UDP-Glc 87.4 ± 1.4
ADP-Glc 81.9 ± 3.6
TDP-Glc 78.8 ± 1.2
aThe PMI activity was analyzed in the presence or absence of 0.5 mM
potential inhibitors.
bThe relative activity was calculated by comparing with control, whose
activity was set as 100%.
Fig. 3. Double reciprocal plot at various GDP-Man concentrations.
The GDP-Man concentrations shown are d, 0 lM; s, 62.5 lM; .,
125 lM; 4, 250 lM. The four lines intersect in the vertical axis
representing that they have the same Vmax. The slopes (slope = KM/
Vmax) of the lines increase in the present of higher concentration of
GDP-Man, indicating that their KM values increase. Overall, this plot
shows a competitive inhibition of GDP-Man for PMI activity. The
inset illustrates the reciprocal slopes from Fig. 2 versus GDP-Man
concentrations.
Fig. 4. Inactivation of PslB by 2,3-butanedione. Relative activity (%)
was calculated against the activity without 2,3-butanedione. The ﬁnal
concentration of 2,3-butanedione were d, 0 mM; s, 20 mM; .,
40 mM; 4, 80 mM.
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with several previous reports [2,7,18]. The optimal Co2+ con-
centration for the PMI was 0.2 mM, which yielded an activity
approximately 1.5-fold higher than that of 2.0 mM (Fig. S1).
Mg2+ at 2.0 mM showed little interference on the PMI activity
in the presence of either 0.2 mM or 2.0 mM Co2+ (Fig. 2), indi-
cating that Co2+ is capable of functioning as a cofactor for the
PMI in bacterial cells which commonly contain millimolar
Mg2+[19]. Interestingly, both PMI and GDP-Man PPase activ-
ities in PslB could not be activated in ZnCl2 despite the fact
that the protein contains a zinc-binding sequence Q403XH405Fig. 5. Amino acid sequence alignment of GDP-Man PPase/PMIs. Only th
GenBank accession numbers for these proteins are: Pseudomonas aeruginosa
pyroli HP0043, AAD056211; Gluconacetobacter xylinus AceF, CAA72316; V(X represents any amino acid), a feature that is also present
in type I PMIs [6,7,18].
3.3. The PMI activity of PslB is inhibited by GDP-Man
Several molecules participating in GDP-Man biosynthesis
and six nucleotide sugars commonly found in bacteria were
tested for their eﬀects on the PMI activity of PslB. At
0.5 mM, only GDP-Man signiﬁcantly inhibited the PMI activ-
ity, which decreased to approximately 47% than that observed
for the control (Table 1). Further investigation on the GDP-
Man inhibition type demonstrated a competitive inhibition
(Fig. 3) indicating that the GDP-Man biosynthesis pathway
is well controlled by the end product, GDP-Man, as also is
found for Helicobacter pylori PMI [2]. A slight deviation of
the 250 lM GDP-Man line from the other three lowere C-terminal PMI comprising regions of the proteins are shown. The
PslB, AF053957; Xanthomonas campestris XanB, B44303; Helicobacter
ibrio vulniﬁcus VV0352, NP_933145.
Fig. 6. Circular dichroism spectra of wild-type and mutant PslB. d,
wild-type; s, R408A; ., R408K.
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is attenuated in higher concentrations of the inhibitor. The re-
sults suggest that the mannose group in GDP-Man competes
with Man-6-p at the PMI active site to regulate the mannose
utilization in P. aeruginosa.
3.4. An Arg residue participates in the P. aeruginosa PMI
activity
To identify if PslB is a useful target to combat P. aeruginosa
infections, it is essential to locate the active site participating in
the PMI catalytic activity. It has been shown previously that
R304 is an active site residue in a type I PMI of C. albicans
[20]. Although type I and type II PMI share low amino acid
sequence homology, their catalytic mechanisms may be simi-
lar. To determine whether an Arg is involved in the PMI activ-
ity of PslB, this study utilized 2,3-butanedione to modify Arg
in the protein and the PMI activity determined [21]. Fig. 4
shows that the PMI activity decreased with increasing 2,3-
butanedione concentrations and the modiﬁcation time, reveal-
ing that at least one Arg residue in PslB is involved in PMI
catalysis.
3.5. Arg408 substitutions abolished the PMI activity of PslB
Based on sequence alignment with other type II PMI, R373,
R408, R472 and R479 were chosen and changed to an Ala by
site-directed mutagenesis. In addition, this study adopted the
molecular structure information of Pyrobaculum aerophilum
bifunctional enzyme phosphoglucose/phosphomannose isom-
erase (PaPGI/PMI) [22], and selected E410, H411, N433 and
E458 for site-directed mutagenesis. The kinetic constants of
the wild-type and mutant PslB are shown in Table 2. Substitu-
tion of Arg at position 408 to either a Lys or an Ala abolished
nearly all of the PMI activity. Other mutant proteins still re-
tained PMI activities and the KM values were 8–20-fold larger
compared to those values observed for wild-type. The CD
spectra (Fig. 6) of R408A, R408K and wild-type PslB are
nearly identical, all showing a minimum point at 208 nm and
222 nm, a typical spectrum of high a-helix content protein.
The data indicate that there is no major alteration of the sec-
ondary structures of the mutant proteins.
Overall, the results indicate that R408, which lies within the
well-conserved motif shared by most, if not all, type II PMI is
an important residue for PMI catalysis. The residue is likely to
participate in the interconversion of sugar moieties by provid-
ing the binding of the sugar phosphate group or forming theTable 2
PMI kinetic parameters of the wild-type or mutated PslB
KM (Man-6-p, mM) Kcat (s
1)a Kcat/KM (mM
1 s1)
WT 1.18 1.38 1.17
R373A 15.9 0.75 0.05
R408A NDb ND ND
R408K ND ND ND
E410A 9.04 2.63 0.29
H411A 16.26 4.41 0.27
N433A 12.92 3.5 0.27
E458A 12.36 3.25 0.26
R472A 23.12 0.25 0.01
R479A 12.28 0.54 0.04
aKcat was calculated from the equation Vmax = Kcat · [Eo], where Eo is
the molar concentration of PslB. The results are the average of three
independent experiments.
bND, not detected.hydrogen bond of sugar hydroxyl group, stabilizing the bind-
ing between substrate and enzyme [20].
3.6. The R408 mutations did not aﬀect GDP-Man PPase activity
of PslB
The fusion of the GDP-Man PPase and PMI domains in the
type II PMI implies these two activities may interact with each
other. The GDP-Man PPase activity of the PslB deﬁcient in
PMI activity was determined and no diﬀerence was observed:
the KM values of wild-type, R408A and R408K were 0.068
mM, 0.072 mM and 0.078 mM, respectively. The similar KM
values of wild-type and mutant PslB provide strong evidence
that PMI and GDP-Man PPase are actually two independent
domains.
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